To measure the cerebral autoregulatory status of the brain tissue supplied by the individual brain-feeding arteries in patients with symptomatic stenosis of the internal carotid artery (ICA) by using arterial spin-labeling (ASL) magnetic resonance (MR) imaging and to compare this status with that in healthy controls.
NEURORADIOLOGY: Cerebral Autoregulation Impairment Measurement
Bokkers et al tomatic unilateral stenosis of the ICA ( Ն 50% blockage) referred to the Department of Radiology at the University Medical Center Utrecht for diagnosis and grading of the stenosis were prospectively included in our study between January 2008 and February 2009. All patients had sustained a transient ischemic attack or nondisabling ischemic stroke ipsilateral to the stenosis of the ICA. Patients were excluded from the study if they had diabetes mellitus ( n = 7), had severe renal ( n = 3) or hepatic ( n = 2) dysfunction, or had experienced a severe stroke causing major disability (score of 3-5 on the modifi ed Rankin scale; n = 6) ( 24 ) . Stenosis of the ICA was graded with duplex ultrasonography. The control group consisted of 20 healthy volunteers (12 men and 8 women; mean age, 66.8 years 6 6.3 [standard deviation]). All control participants were recruited through local media advertisements and had no history of neurologic disease or vascular abnormality at MR imaging or MR angiography of the brain.
MR Imaging
All MR imaging investigations were performed with a 3-T MR imager (Achieva; Philips Medical Systems, Best, the Netherlands) equipped with an eightchannel head coil and locally developed software to enable ASL MR imaging.
in the perfusion territories of these arteries ( 15,16 ); such a shift would make it diffi cult to measure vasodilatory capacity in the complete territory of an individual artery. Arterial spin labeling (ASL) is an MR imaging technique for measuring cerebral blood fl ow (CBF) at the brain tissue level. It uses radiofrequency pulses to noninvasively label water protons in blood (17) (18) (19) . In conjunction with a vascular challenge, ASL MR imaging can be used to measure the vasodilatory capacity throughout the brain at high spatial resolution ( 20,21 ). Furthermore, with the recent introduction of fl ow territory-selective ASL techniques, it is also possible to visualize the perfusion territories of the individual brainfeeding arteries ( 22,23 ). By combining quantitative perfusion with fl ow territory-selective ASL, it is possible to simultaneously assess both the cerebral hemodynamic status at the brain tissue level and the fl ow territories of the major brain-feeding arteries.
The aim of our study was to measure the cerebral autoregulatory status of the brain tissue supplied by the individual brain-feeding arteries in patients with symptomatic stenosis of the internal carotid artery (ICA) by using ASL MR imaging and to compare this status with that in healthy controls.
Materials and Methods
The study was approved by the institutional ethical review board, and written informed consent was obtained from all participants.
Subjects
Twenty-three patients (13 men and 10 women; mean age, 69.3 years 6 8.0 [standard deviation]) with recently symp-P atients with symptomatic stenoses of the carotid artery have a high risk for ischemic stroke ( 1, 2 ) . In these patients, impairment of the vasodilatory capacity of the cerebral vasculature is an important measure of the degree of hemodynamic compromise ( 3 ) . Autoregulatory vaso dilatation of the terminal arterioles sustains normal perfusion by reducing the vascular resistance to arterial infl ow ( 4,5 ). In patients with a recent cerebral ischemic event, the vasodilatory capacity, or cerebrovascular reactivity, is reduced compared with that in patients without symptoms ( 6 ). Ischemic events occur more frequently in patients with both high-grade stenoses and impaired cerebrovascular reactivity than in those with high-grade stenosis but normal reactivity ( 7-11 ).
There are two basic strategies for measuring cerebral vasodilatory capacity. In the fi rst strategy, fl ow velocity in a major cerebral artery is measured before and after administration of a vasodilatory stimulus. The increase in blood fl ow refl ects the dilatory capacity of the vasculature distal to the artery ( 12 ). The second strategy measures cerebral perfusion at the brain tissue level before and after a vasodilatory challenge with techniques such as positron emission tomography (PET), computed tomography, single photon emission computed tomography, or dynamic susceptibility contrast-enhanced magnetic resonance (MR) imaging ( 13, 14 ) . A disadvantage of these imaging methods is that they are invasive and require ionizing radiation or contrast agents. Furthermore, a steno-occlusive lesion in one of the brain-feeding arteries may lead to a shift
Implication for Patient Care
With further testing and validan tion, reactivity measurements with ASL MR imaging may be used as a diagnostic tool in patients with symptomatic stenosis of the ICA to evaluate cerebral autoregulation.
Advances in Knowledge
In patients with symptomatic n stenosis of the internal carotid artery (ICA), decreased vasodilatory capacity was measured with arterial spin-labeling (ASL) MR imaging in the brain tissue supplied by the symptomatic ICA.
The fl ow territory of the sympn tomatic ICA was smaller than that of the contralateral asymptomatic ICA. ( Fig 1 ) . First, a surrogate T1-weighted image was calculated from the inversionrecovery sequence by calculating the reciprocal of the quantitative T1 and subsequently segmented with SPM5 software into gray and white matter probability maps. Thresholding was applied to avoid partial voluming of white and gray matter. Second, the fl ow territories of the participants' ICAs and basilar artery were defi ned. This was done by manually segmenting the perfusion territories of the individual arteries, as determined with the fl ow territory-selective ASL sequence with the clustering algorithm. On all 17 sections, the fl ow territory border of the regional perfusion image was delineated by one observer (R.P.B., with 4 years of MR imaging experience), as shown in Figure 1 . The fi nal step was to combine the gray matter mask and fl ow territory masks. Areas of hyperintensity on the fl uid-attenuated inversion-recovery MR images, depicting areas of infarction, were manually excluded from the region of interest. To correct for motion, all images obtained before and after administration of acetazolamide were coregistered with the SPM5 software to the baseline CBF map by using a leastsquares approach and a six-parameter (rigid body) spatial transformation. Flow territory maps of the individual brain-feeding arteries in the patients with stenosis of the ICA and healthy control participants were produced by normalizing the selective ASL images with SPM5 software to a standardized PET brain template. The segmentations of the fl ow territories were then pooled and projected onto a standardized T1-weighted anatomic image. The combined fl ow territory maps were color-coded to produce probability maps: 100% indicated that all participants demonstrated perfusion in that area of the brain and 0% indicated that no participant demonstrated perfusion in that region. The fl ow territory maps of patients with stenosis of the right ICA were mirrored in the midline, whereas fl ow labeling varied in right-to-left direction (distance of 50 mm between full label and control situation), labeling varied in anteroposterior direction (distance of 18 mm between full label and control situation), and labeling varied in a different anteroposterior direction (shifted 9 mm in posterior direction compared with the previous dynamic). The fl ow territories of the left ICA, the right ICA, and the basilar artery were identifi ed with k-means clustering ( 31 ) . An inversion-recovery sequence was acquired to measure the magnetization of arterial blood and for segmentation purposes. Both the fl ow territory-selective ASL and inversion-recovery images were acquired with the same geometric variables and resolution as the quantitative perfusion ASL images. T2-weighted fl uid-attenuated inversion-recovery images were acquired for detecting areas with tissue infarction by using the following variables: 11000/125; inversion time, 2800 msec; matrix size, 240 3 240 with 24 sections; and section thickness, 2 mm.
Data Analysis
Data were analyzed with Matlab (version 7.5; MathWorks, Natick, Mass), and SPM5 (Wellcome Trust Centre for Neuroimaging, Oxford, England).
CBF (with units of mL · 100 mL 2 1 · min 2 1 ) was calculated from the ASL MR images according to a previously published model ( 32 ) . The T2* of arterial blood and T1 of blood were assumed to be 50 and 1680 msec, respectively ( 33, 34 ) . The water content of blood was assumed to be 0.76 mL per milliliter of arterial blood ( 35 ) . The mean resting magnetization of the blood in all volunteers was determined by selecting a region of interest in the cerebrospinal fl uid and iteratively fi tting the inversionrecovery data according to a previously outlined procedure ( 35 ) .
Cerebrovascular reactivity was defi ned as the percentage of increase in CBF after administration of acetazolamide. The CBF of the white and the gray matter of the individual perfusion territories of the ICAs and basilar artery were measured before and after acetazolamide administration. For the Both patients and volunteers underwent ASL perfusion MR imaging before and 15 minutes after intravenous administration of 14 mg per kilogram of body weight of acetazolamide (Goldshield Pharmaceuticals, Croydon Surrey, United Kingdom). A T1-weighted spin-echo sequence was obtained in the sagittal plane for positioning of the imaging section. Perfusion imaging was performed with a pseudocontinuous ASL sequence ( 25 ) . Labeling was performed by using a train of 18°, 0.5 msec, Hanning-shaped radiofrequency pulses at an interpulse pause of 0.5 msec, for a duration of 1650 msec, in combination with a balanced gradient scheme ( 26, 27 ) . The control studies, which were done without labeling of arterial blood, were achieved by adding 180° to the phase of all even radiofrequency pulses.
Imaging was performed with singleshot echo planar imaging in combination with parallel imaging (MR imaging with sensitivity encoding factor, 2.5) 1525 msec after the labeling stopped. ASL MR imaging was performed in combination with background suppression, which consisted of a saturation pulse immediately before labeling and inversion pulses at 1680 and 2830 msec after the saturation pulse ( 28 ) . The perfusion images, consisting of 17 7-mm sections aligned parallel to the orbitomeatal angle, were acquired in ascending fashion with an in-plane resolution of 3 3 3 mm. The other ASL MR imaging variables were as follows: repetition time msec/echo time msec, 4000/14; pairs of control per label, 38; fi eld of view, 240 3 240 3 119 mm; matrix, 80 3 79; and scanning time, 5 minutes.
To determine the fl ow territories of the ICAs and the basilar artery, fl ow territory-specifi c perfusion images were acquired with selective ASL according to a previously published protocol ( 29, 30 ) . Selective labeling was accomplished by spatial manipulation of the labeling effi ciency within the labeling plane by applying additional gradients between the labeling pulses in sets of fi ve dynamics: no labeling applied (control), nonselective labeling applied (globally perfusion weighted),
NEURORADIOLOGY:
Cerebral Autoregulation Impairment Measurement Bokkers et al (paired t test), values for both arteries were averaged for analysis. When patients were compared with controls, the data for controls were represented for each participant as the average between the hemispheres. Voxel-based x 2 testing with Bonferroni correction (corrected for the number of brain voxels in the fl ow territory sections) was performed to analyze differences in the extent of the fl ow territories between the symptomatic and asymptomatic ICA in patients and control participants. Values are expressed as means 6 standard errors unless otherwise specifi ed.
Results
The demographic and clinical characteristics of the participants are outlined in Table 1 . Figure 2 shows CBF maps before and after acetazolamide administration in a 69-year-old man with symptomatic stenosis of the right ICA. Figure 3 shows the segmented fl ow territory maps of the ICAs and the basilar artery, projected on a standardized brain template, for all patients with symptomatic stenosis of the ICA and for the healthy control participants. The fl ow territory of the stenosed ICA was signifi cantly smaller than that in the healthy control participants. No changes in fl ow territory, indicative of intracranial steal, were observed after administration of acetazolamide in the patients with symptomatic stenosis of the ICA.
The fl ow territories of the symptomatic ICAs were signifi cantly smaller than those of the asymptomatic ICAs and of the ICAs in control participants. Table 2 summarizes the CBF values before and after administration of acetazolamide in the fl ow territories of the ICAs ipsilateral and contralateral to the symptomatic stenosis and of the basilar artery. There was a signifi cant ( P , .01) increase in CBF at the brain tissue level in all perfusion territories in both healthy control participants and patients. In all fl ow territories, CBF was lower in patients than in the control group, but reduced cerebrovascular reactivity as compared with controls was observed only in the territory of the symptomatic ICA (mean symptomatic and of the contralateral asymptomatic ICA were assessed by using a paired t test. To compare the CBF and cerebrovascular reactivity measurements in the hemispheres ipsilateral and contralateral to the stenosis of the ICA with those values in the control group, an unpaired t test was used. Values were considered signifi cantly different if the 95% confi dence interval (CI) did not include zero ( 36 ) . Because no differences were found in CBF or cerebrovascular reactivity between the left and right ICAs in the control group territory maps of patients with leftsided stenosis remained unchanged. All images were displayed in radiologic coordinates.
We used SPSS (version 15.0.1; SPSS, Chicago, Ill) and Matlab software for statistical analysis. Descriptive statistical analyses were performed to summarize patient characteristics. Differences between measurements of CBF obtained before and after administration of acetazolamide and between the measurements of cerebrovascular reactivity of the fl ow territory of the 
Discussion
In the present study, we were able to assess the hemodynamic status in the individual fl ow territories of the major brain-feeding arteries. Patients with symptomatic stenosis of the ICA had decreased cerebral vasodilatory capacity, as measured with ASL MR imaging in the brain tissue supplied by the symptomatic ICA, when compared with the contralateral ICA and arteries in healthy control participants. We also found that the fl ow territory of the symptomatic ICA was smaller than that of the asymptomatic contralateral ICA. Our results are in line with those of studies that have investigated reactivity by measuring the increase in fl ow velocity with transcranial Doppler in the major cerebral arteries (37) (38) (39) and with studies that assessed reactivity at the brain tissue level in patients with symptomatic stenosis of the carotid artery (40) (41) (42) . In those studies, regions of interest were selected on the basis of traditional fl ow territory maps. However, a stenoocclusive lesion in the ICA can lead to a considerable shift in the fl ow territories of the brain-feeding arteries ( 43 ) . This shift affects the reliability of these maps. The only cerebrovascular reactivity Table 1 Demographic and Clinical Characteristics of the Study Population 
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Bokkers et al ( 20 ) . In 12 patients with a symptomatic, anterior circulation, large artery stenosis, cerebrovascular reactivity was measured by using a continuous ASL approach at 1.5 T. Changes in CBF after administration of acetazolamide varied from focal and diffuse vasodilatory failure to normal autoregulation. In the present study, we included a healthy control group to avoid potential effects of generalized atherosclerosis. Furthermore, at 3 T, ASL MR imaging benefi ts from an increased T1 decay and higher signal-to-noise ratio relative to 1.5-T imaging. With the introduction of pseudocontinuous labeling schemes and background suppression, the quality of ASL images has improved substantially. This improvement is of special importance for reactivity measurements when differences in perfusion before and after a challenge are measured. The decision to perform carotid endarterectomy or stenting in patients with carotid artery stenosis does not depend on the presence and severity of cerebral hemodynamic impairment ( 44 ) . Guidelines for the treatment of carotid stenosis are based primarily on large randomized clinical trials in which at the brain tissue level and simultaneously visualize the perfusion territories of the major brain-feeding arteries. Our fi nding of a smaller fl ow territory of the ICA that is ipsilateral to the stenosis indicates that the affected hemisphere is supplied with blood through collaterals from the contralateral ICA and vertebrobasilar arteries.
One study has assessed cerebrovascular reactivity with ASL MR imaging in patients with cerebrovascular disease studies that have assessed the autoregulatory status of the efferent vasculature of the stenosed carotid are those with transcranial Doppler imaging (37) (38) (39) . A disadvantage of this technique is that it measures the global increase in blood fl ow velocity in a major cerebral artery and does not assess perfusion changes at the tissue level. By combining quantitative perfusion with fl ow territoryselective ASL, we were able to noninvasively assess the hemodynamic status In this study, we used quantitative perfusion and fl ow territory-selective ASL to measure vasodilatory capacity. The results show that, in patients with symptomatic stenosis of the ICA, the vasodilatory capacity in the fl ow territories of the major cerebral arteries can be visualized and quantifi ed at the brain tissue level with ASL MR imaging.
